Abstract
Introduction
Displacement-based design is used rather than forced-based design for the evaluation and/or design of structures. Structures are expected to behave nonlinearly under the effect of severe earthquakes and may suffer heavy damage because of the large lateral displacement demand. Thus, estimation of the inelastic displacement demand of structures is an important issue in performance-based design. Although, nonlinear time history analysis of structures is a more realistic method and may produce a better estimation of inelastic displacement demand of a structure, it is still not practical for engineering practice. Reliable and simpler methods are still required for the estimation of lateral inelastic displacement demand of structures.
Many researchers proposed several methods for the estimation of the lateral inelastic displacement demand of structures based on the relationship between elastic and inelastic displacement demand. They generally estimated inelastic displacement demand to elastic displacement demand ratio so-called "inelastic displacement ratio". The first study about the relationship between the inelastic and elastic displacement demand was made by Veletsos and Newmark in [1] . They investigated the relationship between the elastic and inelastic displacement demand of single degree of freedom (SDOF) systems using three earthquake ground motions, based on the elastic-perfectly plastic behaviour. They observed that deformation of elastic and inelastic systems are very close for SDOF systems with long periods and this observation gave well-known "equal displacement rule". Also they concluded that inelastic deformation demand is significantly higher than the elastic deformation demand for SDOF systems with short periods. Newmark and Hall proposed equations in [2] to obtain the inelastic response spectrum by using elastic response spectrum.
Shimazaki and Sozen [3] studied on the displacement demand of elastic and inelastic systems based on 5 different hysteretic models (Bilinear and Clough models) using El-Centro record. They concluded that elastic and inelastic displacement demands are very close for the periods longer than the transition period (characteristic period) between the constant acceleration and the constant velocity regions confirming the "equal displacement rule" independently of hysteretic models. Also they concluded that inelastic displacement demand of a system is higher than the displacement demand of the corresponding elastic system with period shorter than the characteristic period. Furthermore they observed that the difference of inelastic and elastic displacement demand of a system changes with the hysteretic model and function of the lateral strength. Conclusions given by Shimazaki and Sozen [3] were confirmed by Qi and Moehle [4] .
Miranda studied the inelastic displacement ratio for mean constant ductility using 124 ground motion records in [5] , [6] , [7] and gave some results for this ratio in the short period range and the limiting periods of the spectral regions where the equal displacement rule is applicable. Miranda [8] proposed an equation for the inelastic displacement ratio of SDOF systems with constant ductility using 264 ground motion records, recorded on firm sites, based on elastic-perfectly plastic hysteretic behavior. Ruiz-Garcia and Miranda [9] conducted a similar study with the aforementioned one and proposed an equation for the inelastic displacement ratio of SDOF systems with constant lateral strength. They considered 216 ground motion records and used elastic-perfectly plastic hysteretic system. Nassar and Krawinkler [10] , Rahnama and Krawinkler [11] , Seneviratna and Krawinkler [12] also studied on the inelastic displacement demand. They used bilinear model and Clough model which considers the strength degradation, stiffness deterioration or pinching effect, separately. Nassar and Krawinkler proposed an equation in [10] for the ratio of inelastic to elastic spectral displacement for the bilinear hysteretic behavior with different post-yield stiffness values.
Structures deteriorate under repeated cyclic loading in the inelastic response range [22] . Many researchers studied experimentally on the response of reinforced concrete (RC) buildings or members under cyclic loading and showed that the hysteretic behavior does not match with bilinear model and stiffness and strength degradation occurs throughout cyclic loading [23] . Thus, stiffness and strength degradation with softening branch (negative stiffness) must be considered in the estimation of inelastic displacement ratio of SDOF systems so that the cyclic behavior of the structures can be taken into consideration realistically. Softening branch, also called post-capping branch, has negative slope and it occurs after reaching the maximum strength of the hysteretic cycle.
Using an energy-based degrading hysteretic model and considering the softening branch in hysteretic behavior for the estimation of inelastic displacement demand may be helpful to determine the collapse potential of the considered structures. Chintanapakdee and Jaiyong [24] showed that displacement time history of SDOF systems is very close to the roof displacement of the corresponding multi degree of freedom (MDOF) RC moment-resisting frames if a degrading peakoriented hysteretic model is used instead of non-degrading bilinear hysteretic model. Most of the studies mentioned above did not taken the degradation effect into account and generally use bilinear hysteretic model. Furthermore, studies considered the degradation took stiffness or strength degradation into account separately and did not consider collapse potential. Although Chenouda and Ayoub [19] used an energy-based stiffness and strength degrading hysteretic model with collapse potential in their study, they considered limited number of degradation cases for the investigation of the degradation effect on inelastic displacement ratio.
As a summary, previous studies were generally considered simple non-degrading hysteretic behavior in the estimation of inelastic displacement ratio. However, as it is mentioned above all materials deteriorate under cyclic loadings and hysteretic behavior of RC buildings appears similar to peak-oriented hysteretic model. It is clear that RC buildings with same period and stiffness can have different ductility and strength levels. Those differences result different degradation cases and collapse potential in the seismic loadings. Using same bilinear hysteretic model for RC buildings which have same stiffness but different degradation cases and collapse potential is not proper. Some studies used degradation and peak-oriented model but they generally considered strength and stiffness degradation separately and did not considered collapse potential which is very important for seismic behavior of a structure under seismic loading. It is thought that using a stiffness and strength degrading peak-oriented hysteretic model with collapse potential in the estimation of inelastic displacement ratio gives more approximate results for real buildings behavior.
In this study, inelastic displacement ratios of SDOF systems were investigated using an energy-based stiffness and strength degrading peak-oriented hysteretic model with collapse potential. A new equation for the estimation of inelastic displacement ratio is also proposed as a function of strength reduction factor, period and degradation parameters. Effect of degradation parameters on inelastic displacement ratio is also investigated. Furthermore, inelastic displacement ratios obtained for degrading peak-oriented and non-degrading bilinear models are compared. In addition to above investigations, effect of local site conditions and post-yield stiffness on inelastic displacement ratio were investigated.
Hysteretic Models 2.1 Bilinear Hysteretic Model
A finite slope is assigned to the stiffness after yielding to simulate the strain hardening characteristics of the steel and the reinforced concrete [25] . The backbone curve of the bilinear model was shown in Fig. 1 . In the figure, K e is elastic (initial) stiffness, K s is post-yield stiffness, α s is post-yield stiffness ratio, f y is yield strength and u y is yield displacement. Backbone curve can be defined by using three parameters; K e , K s and f y . 
Peak-Oriented Hysteretic Model
Experimental studies showed that the response of RC buildings or members under cyclic loading does not match with bilinear hysteretic behavior and stiffness and strength degradation occurs throughout the cyclic loading [23] . Degradation has significant effect on the deformation demand especially in the short period region of response spectrum. Thus, stiffness and strength degrading peak-oriented hysteretic model must be considered for the estimation of inelastic displacement ratio of SDOF systems so that the cyclic behavior of the existing building stock can be taken into consideration realistically. In this study, an energy-based stiffness and strength degrading peak-oriented hysteretic model with the collapse potential was considered.
This model keeps basic hysteretic rules proposed by Clough and Johnston in [26] and later modified by Mahin and Bertero in [27] , but the backbone curve was modified by Ibarra et al. in [22] to include strength capping and residual strength as shown in the Fig. 2 [22] .
In Fig. 2 , f r is the residual strength, f c is the maximum strength, u c is the displacement at which the beginning of softening branch which is called cap displacement and K c is the post -capping stiffness which usually has a negative value. The basic idea of the model is that the reloading path always targets the previous maximum displacement. Rahnama and Krawinkler [11] adopted a rule, which is defined below, in the Modified-Clough model to account for degradation effect. Four different deterioration modes can occur after the loading path reaches the yielding point at least in one direction. These deterioration modes are basic strength deterioration, post -capping deterioration, unloading stiffness degradation and reloading stiffness degradation. Description of the deterioration modes can be seen in Fig. 3 . The deterioration in excursion i is defined by a deterioration parameter β i . E i is the hysteretic energy dissipated in excursion i, E t is the hysteretic energy dissipation capacity, ΣE j is the hysteretic energy dissipated in all previous excursions and c is a component which defines the rate of deterioration. Reasonable range of c is between 1.0 and 2.0 [11] . The value of 2.0 slows down the rate of deterioration in early cycles and accelerates the rate of deterioration in later cycles, whereas a value of 1.0 implies an almost constant rate of deterioration. The hysteretic energy dissipation capacity is defined with Eq. (2). γ expresses the hysteretic energy dissipation capacity as a function of twice the elastic strain energy at yielding (f y u y ). The parameter γ can have different values for each deterioration mode. Different indices are used for different deterioration modes; γ s is for basic strength deterioration, γ c is for postcapping strength deterioration, γ u is for unloading stiffness deterioration and γ a is for accelerated reloading stiffness deterioration. However using the same value of γ for all deterioration modes are sufficient for considering of the effect of cyclic deterioration [22] . Deterioration occurs with the combination of these four deterioration modes. Detailed information can be seen in the study of Ibarra et al. [22] 
Degradation parameters
Ibarra et. al [22] suggested γ, u c /u y , α c as the degradation parameters. Although the parameter c affects the cyclic deterioration, Ibarra et al. [22] concluded that a constant value of 1 for c is proper to investigate the effect of degradation on inelastic displacement ratios and this suggestion (c = 1) is followed in this study. All those deterioration parameters were calibrated for different material types by the experimental data [11] .
γ indicates the rate of deterioration and deterioration rate gets slower with the increasing value of γ. γ = 50, γ = 100, γ = 150 and γ = Infinitive represent severe, moderate, low degradation and non-degrading systems, respectively [19] . Hysteretic behaviour becomes non-degrading for infinitive value of γ. [22] u c /u y is another degradation parameter and this ratio defines the beginning point of the negative slope of the hysteretic cycle. The strength degradation through the negative slope of the hysteretic cycle is defined as in-cycle degradation in FEMA 440 [28] . u c /u y is the ratio between corresponding displacement of peak and yield strength and u c /u y = 2, 4, 6 are used in this study. u c /u y = 2, 4, 6 represent non-ductile, medium ductile and very ductile structures, respectively [29] .
α c is used to define post-capping stiffness ratio and has negative values. The values of α c are -6% [19] , -14% and -21% [30] which represent small, medium and large slope, respectively. -14% is assumed as the medium slope in this study. Collapse potential is very sensitive to the change in small α c values. However, if this parameter is very large the collapse potential is not greatly affected by variation of α c [29] . Thus, larger values of α c have not been considered in this study.
A parametric study was performed with 27 combinations of degradation parameters of considered hysteretic model. Combinations of deterioration parameters and the labelling of the combinations are given in Table 1 . Degradation has two components as cyclic and in-cycle whose details are defined in FEMA 440 [28] . The hysteretic model used in this study considers both aforementioned components of degradation. Cyclic and in-cycle components of degradation are shown in Fig. 4 . From now on, all the degradation terms represents both cyclic and in-cycle effects.
Dynamic Instability
The structure subjected to a certain input is stable if small increase in the magnitude of the excitation result in small changes in the response [31] . Otherwise, structure will not be stable and it is called dynamic instability. Same assumption is also made by Villaverde [32] . In this study when the postcapping branch intersects the horizontal axis it is assumed that dynamic instability occurs and the system collapses [19] , [22] , [30] , [33] . An illustration can be seen in Fig. 4 . 
Ground Motion Records
A total of 160 earthquake acceleration time histories were used in this study. 80 records were considered with two horizontal components at each station and magnitude of the records ranges from 6 to 7.9. The earthquake acceleration time histories were divided into four groups according to local soil conditions at the recording station. Each group consisted of 40 ground motions. Locations of stations in the first group correspond to site class A, second group corresponds to site class B, third group corresponds to site class C and the last group corresponds to site class D according to USGS classification [34] . Table A1 . Any other criterion was not considered for the selection of ground motions.
Analysis
The inelastic displacement ratio, C R , is the ratio of maximum lateral inelastic displacement demand (u i ) to maximum lateral elastic displacement demand (u e ) of a SDOF system for constant strength reduction factor (R y ). It is expressed as Strength reduction factor R y is defined by:
In Eq. (4), f e is the elastic strength of a corresponding linear system and f y is the yield strength.
The inelastic displacement demand was computed for considered SDOF systems through nonlinear time history analysis. Newmark-Beta method was adopted in an in-house computer program for nonlinear time history analysis. SNAP [35] user guide was used for details of rules of cyclic degrading hysteretic model. Nonlinear time history analyses were conducted for SDOF systems having a viscous damping ratio of 5% with the following strength reduction factors R y = 1.5, 2, 3, 4, 5, 6.
The considered values of the post-yield stiffness ratio (α s ) are 0%, 3% and 5%, respectively. Inelastic displacement ratios were computed for a set of 53 natural vibration periods ranging from T = 0.1s. to T = 3s. (T = 0.1:0.02:0.2, 0.22:0.03:1, 1.1:0.1:3). 4273920 nonlinear time history analyses were performed to determine the inelastic displacement ratios with the 27 different combinations of degrading parameters and 1 non-degrading bilinear model.
Limit for Dynamic Instability (Collapse Period)
As mentioned in Section 3, collapse is considered with the hysteretic model used in this study based on two criteria: intersection of post-capping branch and horizontal axis (strength reaches zero) or exhausting of hysteretic energy dissipation capacity. The first condition is called "dynamic instability. In this study, the collapses were reached due to dynamic instability, in other words post-capping branch reaches the horizontal axis before hysteretic energy capacity is exhausted.
Chenouda and Ayoub [19] studied on the inelastic displacement ratio using the same hysteretic behaviour and the collapse assumption of this study and showed that the degrading systems with a period less than a certain one (limit period) collapse because of the dynamic instability. In other words, there is such limit period that a SDOF system which has shorter period than this limit period collapses because of dynamic instability. An example of inelastic displacement ratio plot is given in Fig. 5 . The last point which is indicated with a " " in Fig. 5 is limit period for collapse and this limit period is called as "collapse period" (T col ). A system which has period shorter than the collapse period exhibits collapse because of dynamic instability and inelastic displacement demand cannot be determined for such a system. Thus, inelastic displacement ratio is not drawn in Fig. 5 for shorter periods than the collapse period. If the structure exhibits dynamic instability under the effect of more than 50% of the considered ground motion records then it is assumed that system with this period collapses [19] .
An equation is proposed using the same hysteretic model for collapse period by Borekci et al. [36] as a function of the parameters considered in this study. Proposed equation of T col is given in Eq. (5) and coefficients of Eq. (5) are given in Table 2 . Detailed information for T col can be seen in the study of Borekci et al. [36] 7 Mean Inelastic Displacement Ratio (C R ) for Bilinear Hysteretic Model C R of non-degrading bilinear hysteretic behaviour was also investigated to compare with that of degrading peak-oriented behaviour. In Fig. 6 , mean C R of all site classes using nondegrading bilinear hysteretic model were given for each considered post-yield stiffness ratio. 
Mean Ratios for All Site Classes
Mean inelastic displacement ratio (C R ) was computed for each period and each strength reduction factor using 27 different degradation cases. Plots of inelastic displacement ratio for different period values and different strength reduction factors were generated for all degradation cases. Plots of mean inelastic displacement ratio for 0% post-yield stiffness ratio (α s = 0%) can be seen in Fig. 7 for different degradation cases. There is no inelastic displacement ratio for the periods shorter than T col because of the collapse. Thus, initial period of each curve also shows T col . It can be seen from Fig. 7 that mean C R becomes approximately 1 for the period longer than a certain one (equal displacement rule) and beyond this period degradation is not effective on C R . Note that this certain period is different for each degradation cases. However, for short period region, it is clear that degradation has apparent effects. Investigating the individual effect of each considered degradation parameter on the inelastic displacement ratio is not useful since degradation is a complex phenomenon and it is a result of the combination of those parameters. Thus, effect of degradation is investigated with the different combinations of the considered degradation parameters.
Effect of Local Site Conditions on C R
Most of the current seismic design provisions ( [37] , [38] , [39] ) specify linear elastic design spectra based on different site classes. Thus, it is important to determine the effect of the local site conditions on inelastic displacement ratio to be used for estimating the maximum inelastic displacement from the maximum elastic displacement. Plots of inelastic displacement ratios for different local site conditions with the hysteretic parameters of γ = 100; u c /u y = 6; α c = -0.06; α s = 0 were given in Fig. 8 . It is clear from Fig. 8 that local site conditions have significant effect on the inelastic displacement ratio, especially for site class D.
In Fig. 9 , the ratio between mean C R,ABCD of all site classes and C R obtained for each site class is shown. Each figure includes all the considered degradation parameter combinations and each point represents a different one. Fig. 9 was depicted for R y =1.5 and 4, α s = 0%. Fig. 9 is given to estimate the only general trend of effect of local site conditions on degradation cases since it is not easy to investigate the effect of local site conditions on each degradation cases individually. Thus, legend of Fig. 9 was not given.
According to Fig. 9 , for R y = 1.5, soil condition does not have effect on C R for long period region ( T > 0.7 sec), however it has significant effect on C R for shorter periods. This result is valid for R y = 2 also. It is clear form Fig. 9 that C R for A, B and C site classes are generally lower than mean C R of all site classes in the short period region while C R for D site class is higher than mean C R of all site classes for R y = 4. In long period region, C R for A, B and C site classes are close to mean C R of all site classes for some degradation cases however it is not very close for some degradation cases. It can be said that generally C R for A, B and C site classes are close to mean C R of all site classes for most of degradation cases but not for all ones. R y higher than 4 has same trend with this observation. Although, it is not easy to make an exact estimation for the effect of local site conditions on C R for each degradation cases, it is clear that local site conditions must be considered in the estimation of mean inelastic displacement ratio. 
Effect of Post-Yield Stiffness on C R
C R with post-yield stiffness ratios of 0%, 3%, and 5% were computed to investigate the effect of the post-yield stiffness. Fig. 10 shows ratios of C R with α s = 0% and α s = 5% including all degradation combinations for R y = 1.5 and R y = 4. It can be seen that C R of α s = 5% is smaller than that of α s = 0%, generally. But this ratio depends on the degradation parameter combinations. However, for long period regions C R does not change with the post-yield stiffness.
Comparisons for Degrading and Non-degrading Hysteretic Models
In Fig. 11 , C R of bilinear and peak-oriented hysteretic models were given for R y = 2 and 4 considering γ = 50, u c /u y = 2, α c =-0.14 and γ = 150, u c /u y = 6, α c = -0.06 degradation cases and α s = 0%. It is clear from the figure that C R of degrading systems is generally higher than that of bilinear system, especially for low periods.
C R of bilinear hysteretic model and C R of peak-oriented hysteretic model for all degradation cases were given in Fig. 12 . Fig.  12 was depicted for R y = 3 and 5, all site classes and α s = 0%. In Fig. 12 , the dashed line shows the mean C R values of the nondegrading bilinear model. It is clear from Fig. 12 that degradation has considerable effect on C R and bilinear hysteretic model estimates lower C R values. Previous studies ( [15] , [16] , [19] , [20] ) concluded the same result with the finding of this study.
Chenouda and Ayoub [19] stated that inelastic displacement demand of bilinear system is lower than that of peak-oriented hysteretic model also as stated in this study. Using unique nondegrading bilinear hysteretic model to determine C R for building whose periods are same but ductility and strength levels are different is not conservative. In Eq. (6), a, b, c, d, e, f are coefficients and summarized in Table 3 for different site classes individually and also considering all site classes. Fig. 13 shows the fitness of the Eq. (6) of the mean C R . Also Fig. 14 shows the dispersion of the regressed function of C R . In Fig. 14, horizontal axis shows the mean C R obtained from nonlinear dynamic analyses and vertical axis shows C R obtained with proposed equation. It is seen from Fig.   13 and Fig. 14 that proposed equation provides a good approximation of the mean inelastic displacement ratio. As mentioned in Section 6, Eq. (6) is valid on condition that the period of the system is longer than the collapse period (T>T col ).
Conclusions
It is clear from the previous studies that an RC building degrades and can reach collapse state under a severe cyclic lateral loading such as earthquake motions. Thus, in this study, constant lateral strength inelastic displacement ratio of SDOF systems which considers stiffness and strength degrading hysteretic behaviour with collapse potential were investigated for the period range 0.1 -3 s. with different degradation levels using 160 ground motion records. For this purpose, an energy based degrading Modified-Clough hysteretic model with collapse potential was considered as the hysteretic behaviour. Inelastic displacement ratio of non-degrading bilinear hysteretic model were determined for the same data to investigate the effect of degradation and hysteretic model. A new equation was proposed for mean inelastic displacement ratio of degrading SDOF systems with collapse potential as a function of degradation parameters (γ, u c /u y , α c ), structural period (T) and strength reduction factor (R y ). The proposed equation for mean inelastic displacement ratio provides good fitting with the exact values of mean inelastic displacement ratio. Following conclusions can also be drawn from the results of this study:
• The inelastic displacement ratio is clearly affected by the local site conditions, where the ground motion is recorded, in case of degradation. Thus, the local site conditions must be considered in the estimation of mean inelastic displacement ratio of degrading SDOF systems.
• The post-yield stiffness ratio has an effect on mean inelastic displacement ratio for the short period systems whose R y = 1.5 and 2. However, this effect becomes less significant with increasing R y . Authors believe that it is not necessary to consider the post-yield stiffness ratio in the estimation of mean inelastic displacement ratio of degrading peak-oriented hysteretic model since the general effect of post-yield stiffness ratio on mean inelastic displacement ratio is not significant. Thus, it is efficient and conservative to use α s = 0% for the engineering practice since the degrading system with α s = 0% gives higher C R at all cases. • Non-degrading bilinear hysteretic model gives lower C R than that of degrading peak-oriented hysteretic model. • Using non-degrading bilinear hysteretic model for structures have same stiffness but different ductility, degradation and collapse potential is not conservative. Degrading peak-oriented hysteretic model realistically represents hysteretic behaviour of RC buildings, thus using a degrading model which considers different degradation cases is more realistic and conservative than using a non-degrading bilinear hysteretic model. • The proposed equation has a good fit with the theoretical values and it is realistic and conservative in the estimation of C R of RC buildings comparing to the non-degrading bilinear hysteretic model. • According to Fig. 12 , degradation has significant effect on C R . Inelastic displacement demand is different for buildings which have different ductility and strength but same period. Thus, the proposed equation can be used for RC buildings with different degradation cases and levels. Kocaeli 
